WEBB, GEORGE Il. Efects of surfactants on the twitch tension uf frog sartorius muscle. Am. J. Physiol. 207(2) : 397-401. 196+---Many types of cells show permeability increases to ions and to various uncharged molecules when exposed to surface-active agents (surfactants) . Nonionic surfactants are less effective than ionic surf'actants in increasing permeability and in depolarizing nerve and muscle cells. In the present experiments the strength of isometric twitch responses of directly stimulated frog sartorius muscles was measured. Ionic surfactants generally produced an irreversible decrease in the twitch response, whereas nonionic surfactants (at equimolar concentrations) had little effect. Aerosol OT conditioned muscles so that curare or neostigmine appeared to produce a decrease in the twitch tension of directly stimulated fibers. Possibly the Aerosol OT treatment increased the permeability of the conducting membrane, allowing curare and neostigmine to interact with the acetylcholine system proposed by Nachmansohn.
The above observations could be accounted for by increases in permeability caused by the ionic surfactants. Two observations suggested additional actions of ionic surfactants: low concentrations of cetyltrimethylammonium produced a reversible decrease in twitch tension; low concentrations of anionic surfactants caused an increase in contractile tension. acetylcholine and conduction contractile tension detergents surface-active agents S EVERAL SYNTHETIC surface-active agents (surfactants), arranged in order of their effectiveness in blocking conduction in frog sciatic nerves, followed the same order of effectiveness in sensitizing the nerves to the conductionblocking action of curare and neostigmine (I g), and in increasing rubidium efflux from the nerves (2 I). All three of the above effects could have resulted from a gen- 
Time in minutes isometric, as the ends of the torsion bars moved less than I mm when the muscles contracted. Four strain gages were affixed to each torsion bar. Each group of four strain gages was wired as a Wheatstone bridge. The output of the strain-gage bridges, after amplification, was displayed by an ink-writing oscillograph.
The recorded responses were almost linearly proportional tension and linearity was assumed when the processed.
Each muscle was stimulated by two I -mm-d .iameter to applied data were silver wires in the solution, one near each end of the muscle. The stimuli were produced by a Grass Instrument Co., model S 4 stimulator.
Square-wave stimuli of I -mm duration were used. The stimulus voltage dial setting was 135 v, which was three to four times the setting required for a maximal twitch response. This stimulus was apparently adequate to stimulate most of the muscle fibers directly, as 2.2 X I oU4 M curare produced only a slight depression of twitch strength. At each recording episode, four I-msec stimuli were delivered 3 set apart. Twitch strength was taken as the average of the last two responses (usually all four responses were nearly equal).
Procedure. After a I-hr control period in buffered Ringer's solution, the muscles were exposed for I hr to a Ri nger's solution wi .th surfactant (or without, in the case Of control muscles) . Then the surfactant solution was washed away with Ringer's and the muscles were kept in Ringer's solution again for a 2-hr recovery period, after which they were exposed to curare or some other quaternary ammonium agent. Two muscles from the same frog were never exposed to the same surfactant solution.
RESULTS
Comparison of the sensitivities of nerve and muscle to surfuctant. When the frog sartorius muscles were exposed to to 22 % of initial after I hr of application (I 9). Hober has also demonstrated that frog muscles are more sensitive than nerves to surfactant action (5). The excitable membranes in whole nerves are apparently better protected from the external medium than are those of whole muscles.
When somewhat lower concentrations of surfactants were applied to frog muscles, the relative order of their effectiveness on the isometric single twitch response to direct stimulation had certain similarities to the relative effectiveness of the same surfactants on frog nerves (in terms of conduction block, rubidium efflux, and sensitization to curare and neostigmine) (I g, 2 I). For example, (Fig. I) at a concentration of 2.5 X IO-~ M, cetyltrimethylammonium bromide was more effective than cetylpyridinium chloride, and Aerosol OT was more effective than sodium lauryl sulfate. This was also true with the nerve tissue. Also, as was found in the nerve 1 studies, nonionic surfactants appeared to be almost inert. In Fig. I respectively. In fact, SLS actually increased the contractile strength for the first 5 or IO min. This divergent action of the anionic surfactants was more apparent when lower concentrations were used. At IO-~ M (Fig. 2 ) SLS effected an increased contractile response even after one hour of exposure. At 2.5 X IO-~ M (Fig. 3) Aerosol OT, as well as SLS, produced an increased contractile response. The two cationic surfactants, however, even at this low concentration, decreased the contractile tension. The effect of the surfactants on twitch strength was usually irreversible; CTAB at lower concentrations was an exception to this (see Fig. 3 ).
Action of curare on surfactantpretreated muscles. The action of curare on surfactant pretreated muscles is difficult to interpret.
For example, in comparing columns B and C in Table I , it would appear that curare actually increased the contractile strength of CTAB-pretreated muscles. However, comparison with column A shows that these muscles were in the process of recovering from the partially reversible action of cetyltrimethylammonium bromide and that this recovery merely continued during the application of curare. Actually, a plot of the intervening points showed that curare had no significant effect on CTAB-treated muscles. Experiments discussed in the thesis upon which this paper is based2 indicated that CTAB blocked neuromuscular transmission irreversibly. The latter effect could account for the apparent inactivity of curare on CTAB-pretreated muscles, as the drop in contractile tension seen in the control group after exposure to curare probably resulted from the elimination of a small percentage of muscle fibers that were receiving only indirect stimulation. The CTAB treatment had already eliminated this group. necessary that curare treatment should produce a drop of greater absolute magnitude than occurred in the control group, before it can be said that surfactant treatment sensitized directly stimulated muscle fibers to the action of curare.
In column D of Table I it appears that only the SLSand Aerosol OT-pretreated muscles meet this specification. Since sodium lauryl sulfate treatment apparently increased the twitch strength of most of the muscle fibers, elimination of a fixed number of fibers would be expected to cause a greater absolute drop in the contractile strength of the whole muscles. Therefore the SLS pretreatment cannot be said to have sensitized directly stimulated fibers to the action of curare. It does appear, however, that Aerosol OT did sensitize directly stimulated muscle fibers to the action of curare.
Action of neostigmine on Aerosol 0 T-pretreated muscles. Neostigmine produced a brief, temporary increase in contractile strength in control muscles, a phenomenon that has been observed by Nastuk and Alexander (14) using indirect stimuli, and attributed to brief tetani due to repetitive discharge. After 35 min of neostigmine exposure, however, the contractile tension returned to the pre-exposure level. After Aerosol OT pretreatment, no temporary increase was seen. Instead, the contractile strength dropped, in neostigmine, from 52 % of initial at the end of the post-Aerosol OT recovery period to I 8 % after 35 min in I. I 5 X 10~~ M neostigmine (average of eight muscles). For comparison, the same values for the controls were I I 7 % and I I 8 %. It appears then, that Aerosol OT treatment sensitized directly stimulated muscle fibers to the action of neostigmine. duction. Tncreases in permeability following surfactant treatment have been described for many types of cells (6, 8, I I, I 3, I 5, I 7). It is also likely that the surfactants may inhibit 'the transport mechanism directly, as surfactants are known to inhibit a variety of enzyme systems (3, 7, g-1 I). It is possible that an inhibition of the active ion transport mechanism may be the ultimate cause of the depolarization and conduction block. Unpublished experiments by this author have indicated that the most prominent action of surfactants on the isolated frog skin is an inhibition of active ion transport, although passive permeability is also affected. Reversible action of CTAB.
In Fig. 2 it may be seen that the action of cetyltrimethylammonium bromide on the muscles was partially reversible. This may be seen more clearly in Fig. 3 , where it appears that the strength of contraction curve is leveling off at the end of the recovery period, as though the muscles had recovered from the reversible portion of the cetyltrimethylammonium bromide which is identical in structure to CTA except that a benzyl group has been substituted for one of the methyl groups, was much less effective in reducing the twitch strength than was CTA. Also, there was no reversibility to the CDBA action. Perhaps the benzyl group sterically hinders the combination of CDBA with the receptor site.
Actions of curare and neostigmine on Aerosol 0 T-pretreated muscles. From the data it appears that curare and neostigmine produced a decrease in the twitch response of directly stimulated muscle fibers pretreated with Aerosol
